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ABSTRACT. In the present work we theoretically investigated the excitation of surface 
plasmon-polaritons (SPPs) in deformed graphene by attenuated total reflection method. We 
considered the Otto geometry for SPPs excitation in graphene. Efficiency of SPPs excitation 
strongly depends on the SPPs propagation direction. The frequency and the incident angle of the 
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most effective excitation of SPPs strongly depend on the polarization of the incident light. Our 
results may open up the new possibilities for strain-induced molding flow of light at nanoscales.  
 
I. Introduction 
Graphene is one of the materials which allows reaching the most possible miniaturization of 
nowadays devices – just a one atomic layer of thickness. Moreover, it has a lot of non-trivial 
physical properties ranging from mechanical to optical. For plasmonic applications, it is 
important that graphene carrier concentration can be tuned by chemical doping or by applying an 
electric field, which allows varying its electrodynamic properties from highly conductive to 
dielectric. This feature makes graphene a very promising material for flatland photonics and 
plasmonics [1-5]. 
For practical applications, it is highly desirable to have the effective tools for control of SPPs 
characteristics. Usually, this goal may be achieved by introducing some optically active materials 
into plasmonic structure [6-10]. In contrast to such approach, graphene may show an optical 
activity itself: its optical properties may be effectively manipulated by electric [11 - 13] and 
magnetic [14, 15] field, by topological manipulations [16, 17] or by deformations [18, 19].  
Despite a large number of works devoted to electric and magnetic field manipulation by SPPs 
in graphene, the impact of deformations on the plasmonic properties is not investigated enough 
(we mean here the deformations which are not attributed to shape deformation of graphene). In 
this paper we investigated the excitation of surface plasmon-polaritons (SPPs) on non-elastically 
deformed graphene (see Figure 1). We found that such a structure shows high anisotropy of 
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reflectance from graphene layer orientation (or orientation of deformations). Our results may 
pave the way for new straintronic methods of nanoscale light control.   
 
Figure 1:  Surface plasmon-polaritons in deformed graphene may be excited in Otto 
configuration (A). Non-elastic deformation of graphene layer leads to anisotropy of propagating 
SPPs with respect to propagation direction (B). 
 
II. Theory 
For experimental observation of propagating SPPs the number of methods may be used, for 
example grating structure [20] and metasurfaces [21]. Attenuated total reflection method (in Otto 
configuration) has been recently used for experimental observation of transverse electric 
polaritonic modes in graphene at infrared frequencies [22]. In the present work we will focus on 
this method of SPPs excitation for illustrating the anisotropic plasmonic properties of deformed 
graphene. 
The Otto configuration of SPPs excitation method is based on the principle of attenuated total 
internal reflection. When the incidence angle of exciting wave is large       (     is a critical 
angle for total internal reflection condition), photons from semi-infinite prisms are tunneling 
through the air gap and may couple to plasmons on graphene located on a semi-infinite dielectric 
(see Figure 1A) [23, 24].  
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We will suppose that the Si-based prism (dielectric constant is      ) is separated from 
graphene on SiO2 substrate (dielectric constant is     ) by the air gap (dielectric constant is 
    ) with thickness t. Electromagnetic wave incident from the prism under incidence angle is 
 . Graphene layer has a non-elastic deformations as illustrated in Fig. 1(B). Here deformation of 
graphene lattice is caused by the displacement s = (sx, sy) of one graphene sublattice with respect 
to another one. Such deformation could occur in graphene grown on substrate with an 
appropriate combination of lattice mismatch between the two crystals [25, 26]. Optical (but not 
plasmonic!) properties of graphene deformed by such a manner have been investigated [19]. It 
has been found that anisotropic optical absorption produces a modulation of the transmittance 
and of the dichroism as a function of the incident polarization angle.  
The optical conductivity tensor for this modified graphene lattice has nonzero off-diagonal 
components and modified diagonal components [19]  
                         (1) 
                   . 
Here   is the electron Gruneisen parameter, σg(ω) is the dynamical conductivity of non-
deformed graphene on the frequency ω = 2πf, f is linear frequency. The conductivity of non-
deformed graphene for given temperature T, chemical potential (or Fremi level) μch, and 
electrons scattering rate Γ can be represented as interplay between the impacts of intra- and 
interband carriers’ transitions [27]: 
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In order to investigate the reflection of electromagnetic wave from the structure, one should 
solve Maxwell’s equations with the corresponding boundary conditions at each interface. For 
monochromatic wave Eα±,Hα± ~ exp[-iωt+ikα±r], where ω is an angular frequency, and kα± = (kx, 
ky, ±kα,z) is a wavevector (sign “+” corresponds to the wave propagating along the z-axis, while 
“-” corresponds to the counter-propagating wave, α = p, a, d denotes “prism”, “air”, and 
“dielectric”, consequently). With these notations, Maxwell’s equation for the waves in each 
medium is read: 
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Boundary conditions should be satisfied for total fields (Eα,Hα) = (Eα+,Hα+) + (Eα-,Hα-): 
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Graphene conductivity tensor is given by Eq. (1). These equations give the system of linear 
equations for amplitudes of transmitted and reflected waves in each medium. For given 
excitation parameters (frequency, incident angle, polarization of incident wave, deformation and 
chemical potential of graphene) one may calculate the reflection coefficient R = |Ep-|
2
/|Ep+|
2
 of 
the incident electromagnetic wave from this structure, which indicates what part of the incident 
wave energy passed into the SPPs excitation. 
We should note that in attenuated total internal reflection configuration the electromagnetic 
wave in air and dielectric is decaying in z-direction, i.e. kα,z = Re[kα,z]+iIm[kα,z], Im[kα,z] >> 
Re[kα,z] for α = a, d, i is imaginary unit. 
III. Results 
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All over the calculations we suppose the following parameters:                      
           Color maps of the reflectance are shown on Figure 2. One can see that in the 
deformed graphene the excitation pattern of surface plasmons differs from that of undeformed 
graphene. Excitation of SPPs by TM-incident wave is more efficient at lower frequencies.  For 
TE-polarized incident wave excitation of SPPs occurs more significantly and at higher angles of 
incidence θ. 
 
 
Figure 2:  Color maps of the reflectance: a) unstrained graphene, TM-polarized incident wave; b) 
unstrained graphene, TE-polarized incident wave; c) deformed graphene (s/a = (0.04, 0.03)), TM-
polarized incident wave; d) deformed graphene (s/a = (0.04, 0.03)), TE-polarized incident wave. 
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Fig. 3 shows that by changing the angle of propagation   with respect to deformation 
vector s one can control the intensity of surface plasmons excitation. There is also a coincidence 
of the system behavior at     and                     .  
 
Fig. 4 shows the dependence of the system behavior on the gap width. It is easy to notice 
that the system behavior for both TM and TE polarized incident waves are identical. The 
strongest excitation of surface plasmons occurs in the range up to 1 THz. 
Figure 4: Color maps of the system’s reflection coefficients: A) deformed graphene (s/a = (0.04, 0.03)), 
TM-polarized incident wave; B) deformed graphene (s/a = (0.04, 0.03)), TE-polarized incident wave. 
 
Figure 3: Reflectance spectrum of the system for several values of propagation angles in the x-y plane. 
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Typically for graphene-based plasmonics, the frequency range for SPPs excitation varies 
from THz to mid-infrared depending on graphene chemical potential [1-5]. At the frequencies 
corresponding to the condition of intra-band electron transitions in graphene (i.e. when ħω ≈ 
2μch), an imaginary part of its conductivity becomes negative (or, equivalently, its dielectric 
permittivity becomes positive), which means that graphene can not support any SPPs. We should 
note also that attenuated total reflection method is based on resonant phase matching between the 
incident light and propagating SPPs. This means that change of graphene chemical potential (by 
external gate voltage, for example) will lead to the breaking of phase matching condition and to 
significant change (increase) in the reflectance. SPPs excitation frequency in attenuated total 
internal reflection configuration depends on the part of dispersion curve which lies between the 
light lines of prism ω=ck/εp
1/2
 and dielectric ω=ck/εd
1/2
 [23]. Taking into account SPPs dispersion 
in free-standing graphene layer [4] k ≈ 2πħ2ε0εdω
2
/(e
2μch), one may calculate the maximal SPPs 
frequency ω ≈ e2μch/(2πcħ
2ε0εd
1/2
) ~ 1 THz (for the parameters used all over this work). Change 
of material parameters of dielectric and/or graphene chemical potential allows tuning the 
observed part of SPPs dispersion curve. 
Highly anisotropic linear SPP properties of deformed graphene considered here allow one 
to suppose some features for non-linear plasmonics (anisotropic second harmonic generation, for 
example). This problem should be solved separately in details.   
Conclusion 
The calculations have shown that deformed graphene is a good basis for the excitation of 
plasmons not only by TM-polarized waves, but also by TE-polarized incident waves, which is 
impossible to observe in an undeformed layer of graphene for THz frequency range. The 
frequency and angle of the most effective plasmons excitation strongly depend on the 
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polarization of the incident electromagnetic wave. This opens up new possibilities for controlling 
electromagnetic radiation on nanoscale. 
Acknowledgements 
The work was financially supported in part by RFBR (16-37-00023, 16-07-00751, 16-29-14045, 
17-57-150001, 19-07-00246), Act 211 of the Government of the Russian Federation (contract № 
02.A03.21.0011).  
 
AUTHOR INFORMATION 
Corresponding Authors 
*E-mail: kuzminda@csu.ru 
 
REFERENCES 
[1] Grigorenko AN, Polini M, Novoselov KS. Graphene plasmonics. Nat Photonics 
2012;6:749–58. 
[2] de Abajo FJG. Graphene plasmonics: challenges and opportunities. ACS Photonics 
2014;1:135. 
[3] Chen P-Y, Argyropoulos Ch, Farhat M, Gomez-Diaz JS. Flatland plasmonics and 
nanophotonics based on graphene and beyond. Nanophotonics 2017;6(6):1239. 
[4] Low T, Avouris P. Graphene plasmonics for terahertz to mid-infrared applications. ACS 
Nano. 2014;8(2):1086. 
[5] Kuzmin DA, Bychkov IV, Shavrov VG, Temnov VV. Plasmonics of magnetic and 
topological graphene-based nanostructures. Nanophotonics. 2018;7(3):597. 
 10 
[6] Temnov VV, Armelles G, Woggon U et al. Active magneto-plasmonics in hybrid metal–
ferromagnet structures. Nat. Photonics. 2010;4:107. 
[7] LeBlanc SJ, McClanahan MR, Jones M, Moyer PJ. Enhancement of multiphoton 
emission from single CdSe quantum dots coupled to gold films. Nano Lett. 2013;13:1662. 
[8] Razdolski I, Makarov D, Schmidt OG et al. Nonlinear surface magnetoplasmonics in 
Kretschmann multilayers. ACS Photonics 2016;3:179. 
[9] Kuzmin DA, Bychkov IV, Shavrov VG. Magnetic field control of plasmon polaritons in 
graphene-covered gyrotropic planar waveguide. Opt Lett. 2015;40:2557. 
[10] Kuzmin DA, Bychkov IV, Shavrov VG, Temnov VV. Giant Faraday rotation of high-
order plasmonic modes in graphene-covered nanowires. Nano Lett. 2016;16:4391. 
[11] Gusynin VP, Sharapov SG. Transport of Dirac quasiparticles in graphene: Hall and 
optical conductivities. Physical Review B 2006;73:245411. 
[12] Novoselov KS, Geim AK, Morozov SV, et al. Two-dimensional gas of massless Dirac 
fermions in graphene. Nature. 2005;438:197. 
[13] Lu H, Zeng Ch, Zhang Q, et al. Graphene-based active slow surface plasmon polaritons. Sci 
Rep. 2015;5:8443. 
[14] Crassee I, Levallois J, Walter AL, et al. Giant Faraday rotation in single- and multilayer 
graphene. Nat Phys. 2010;7:48. 
[15] Shimano R, Yumoto G, Yoo JY, et al. Quantum Faraday and Kerr rotations in graphene. 
Nat Comm. 2013; 4:1841. 
[16] Gomez-Diaz JS, Tymchenko M, Alù A. Hyperbolic metasurfaces: surface plasmons, light-
matter interactions, and physical implementation using graphene strips. Opt Mater Expr. 
2015;5:246047. 
 11 
[17]  Kuzmin DA, Bychkov IV, Shavrov VG, Temnov VV. Topologically induced optical 
activity in graphene-based meta-structures. ACS Photon. 2017;4(7):1633. 
[18] Levy N, Burke SA, Meaker KL, et al. Strain-induced pseudo–magnetic fields greater than 
300 tesla in graphene nanobubbles. Science. 2010;329:544. 
[19] Oliva-Leyva M, Naumis GG.  Effective Dirac Hamiltonian for anisotropic honeycomb 
lattices: Optical properties. Phys. Rev. B 2016;93:035439. 
[20] Lu H, Zhao J, Gu M. Nanowires-assisted excitation and propagation of mid-infrared surface 
plasmon polaritons in graphene. J Appl Phys. 2016;120:163106.  
[21] Lu H, Mao D, Zeng Ch, et al. Plasmonic Fano spectral response from graphene 
metasurfaces in the MIR region. Opt Mater Expr. 2018;8(4):1058-1068. 
[22] Menabde SG, Mason DR, Kornev EE, et al. Direct optical probing of transverse electric 
mode in graphene. Sci Rep. 2016;6:21523. 
[23] Otto A. Excitation of nonradiative surface plasma waves in silver by the method of 
frustrated total reflection. Z Fur Phys. 1968;216(4):398-410. 
[24] Melo LGC. Theory of magnetically controlled low-terahertz surface plasmon-polariton 
modes in graphene–dielectric structures. J Opt Soc Am B. 2015;32:2467. 
[25] Ni G-X, Yang H-Z, Ji W, et al. Tuning optical conductivity of large-scale CVD graphene by 
strain engineering. Adv Mat. 2014;26:1081. 
[26] Lee S-M, Kim S-M, Na M, et al. Materialization of strained CVD-graphene using thermal 
mismatch. Nano Research. 2015;8:2082. 
[27] Falkovsky LA. Optical properties of graphene and IV–VI semiconductors. Phys-Usp. 
2008;51(9):887-897. 
